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SUMW3Y

The effeet of ccmibustionon diffusim in the fuel rmemration zone
of a 16-inch rsm-jet en@ne was determined. The eddy &f&sion coeffi-
cients were found to vary from 0.6 square foot per second for no burning
in the engine to 1.6 square feet per second with burning.

This information was app~ed in the design of a codmstor to operate.
at lea fuel-air ratios. Operation to a lean fuel-air ratio limit of
0.007 was accomplished with the use of a cyMndrical sleeve which limited
fuel-air mDIYdnnupstream of the flsme holder. A

--

lXCIIODUCTIOIil

This experimental investigation is part of a programnatic research
on combustor design at the IU.CALewis laboratory. The end ob3ective
is to establish designs along with design criteria that will permit
efficient and stable ram-jet combustion over wide ranges of fuel-air
ratios and inlet conditions. This investigation and other initial
studies of the program were conducted with simple V-gutter flame-holder
designs.

Seversl investigators have reported on the operational characteris-
tics of the V-gutter flsme holder (references 1 to 3). These studies
demonstrate that fuel.distribution exerts an important hfluence on colu-
bustor performance. At lean over-aU fuel-air ratios, the fuel distri-
bution was f&und to have a greater effect than that of flame-holder
geometry upon combustor performance (reference 2).

A useful mathematical approach describing the fuel distribution
obtained with various fuel injection systems is presented in reference 4.
With this method It is possible to predict the fuel-dr pattern for
various types of fuel injectors or for different locations downstream of
the injector, once the stresm diffusion coefficient for a particular type
of injector is established experimentally. To apply this method to the
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determinantion of the fuel-air pattern at the flame,holder, however, the
stream conditions must be the ssme.as those under which the diffusion
coefficient vaE evaluated..,-A diffusion coefficient determined with no
burning in the engine would therefore be.inadeq~te for use In predicting
the fuel-air distribution at the flame holder with burning, since burn.
ing will introduce perturbations in the air stream into which the fuel __
is spreading. ..
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The primary objective of this report is, therefore, to determine the
effect of ccribustionon the diffusion.coefficient in the fuel preparation M
zone and to designj.with-the aid of this information, a combustor which ~ “–

will pro@de the fuel-air distribution necemary for efficient ccmibustion
at less fuel-air ratios.

--
— ,.

The
geometry
hers.

The
engine.
received

secondary objective is to determinethe effects of flsme-holder .
upon cmbustion efficiency at simulated high flight Mach num- ‘--“.

APPARATUS 4
—. ~-

test vehicle for this investigation was a 16-inch rsm-jet
InstaUation of the test unit is shown in figure 1. The engine- ‘“”
its air SUp@Y frOM the laboratory combustion air Eystem end

then exhausted through a muffler to the atmosphere. Air flow to the rm- “-’
jet enghe WaE controlled with a butterfly valve”upstre~ of the test ‘- ‘- ‘-.
unit and was metered with an orifice system located in the supply line. .= “
The inlet air temperature to the rem-jet engine was maintained at -.

approximately 600° F; heating of the air was:acccnnplished,with no con- ‘- ‘-
“..-.-x.

lamination, by a gas-fired heat exchamger. - .——...

The engine-outlet temperatures were obtainedby a heat balance.
I!Thecalorimeter consisted of a multiple water spray ring located 6 inches
dowmtresm of the engine,exhaust nozzle and a thermocouple station
20 feet downstream of the water sprays. An knd_atedpipe, 24 inches ~
diameter and 22 feet long, made up the calor@eter portion of the test
rig. The resulting gas and stemtemperatures at the outlet ofthe
calorimeter were measured by 16 thermocouple-slocated in equal areas ‘-
across the 24-inch-&l.ameterduct. .—.

Ram-jet engine..- The 16-inch ram-jet engine (fig. 2) used in this-
investigationwas ‘canposedof a subsonic annular diffuser,”a water-cod~d
conibustiontier 16 inches in diameter, and a water-ccm~ed, fixed-areti,”
converging exhaust nozzle.

The over-alJ.Mngth of the engine from the inlet of the subsonic
portion of.the diffuser to the nozzle outlet was 175 inches, of which
the combustion cha?.tiberand.nozzle length is_90 inches. The diffuser ..

— .-
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centerbody extended from the engine inlet Mp and.terminated at the
combustion-chsmiberinlet with a pilot burner on the downstream end. The
centerbody was held in place by supporting struts whose maximum thick-
nesses were 17 percent of the chord len@h.

Pilot system. - A vortex pilot was housed in the downstream end of
the centerbody. The pilot codmstion chauiberconsist~d of a truncated

cone 10.3 inches long that changed in die=ter from 7~ tides at the
N
m
m upstresm end to 6 inches at the exit. Propylene oxide in amounts not
N exceeding 5 percent of the total fuel flow was burned in the pilot. A

single fuel nozzle rated at 21.5 gallons per hagq at a pressure tif-
ferential of 100 pounds per square tich was used. Air was scooped from
the main air supply at two of the three main centerbody supports and
ducted into the pilot @rough elbows which imparted a vortex action to
the air. The fuel was ignited with a commercial jet+n@ne spark plug.

,

.Fuel injector system. - The fuel injectors were located 20 inches
upstresm of the flame holder. Four fuel tubes entered the engine through

.
the outer wall and each supplied a quadrsmt injector consisting of four
modified cowercial spray nozzles. The injectors could be moved radially
between the outer wall and the inn=. diffuser wall.

The nozzles, rated at 21.5 gallons per hour at a differential pres-
sure of 100 pounds per square inch, were commercial nozzles which were
mcdified to retice the exbernal cross-sectional area without affecting
the spray pattern. The fuel was sprayed upstream.

Fuel. - The physical prope@ies of .~-3 fuel,.used as Pr~rY e~ine
fuel,= given in table 1.

Flame holders. - The flsme holders used in this investigation are
shown in figure 3. C~nfiguration A, a grid-type -V-gutterflaqe holder
with a blocked area of 54 percent,is shown in figure 3(a). Configura-
tion B, sn hmersed-surface flame holder with a blocked area of 37 per-
c=t, is shown in figure 3(b). The hnersed-surface flsme holder con-
sisted of Jnconel plates arranged downstream of each other in such a
manner that each succeeding plate would be bathed by the fMe from the
upstresm plate and thus operate at a very high temperature. Configura- -
tion C, consisting of r@ial V-gutters with a blocked area of 37 percent,

is showh in figure 3(c). Configuration A measured 1* inches across the

open end of the V-gutter whereas configuratims B and.C measured 1+$inches

across the open end.
.

Control sleeve. - For one phase of the investigation a fuel-mixing
control sleeve was inserted into the fuel-air preparation zone (fig. 1)..
This sleeve extended from the fuel ~ect ors to the flame holders and was
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supported by radial struts. Two control sleeves were employed, one “
1

.

14; inches in diameter for a fuel injector atthe midposition of the Mf-

fuser anmilus and the other X$ inches in diameter for the fuel-injector -

position near the centerbody wall. The fuel injectors were positioned
midway between the ‘controlsleeve and the centerbody wall.

Fuel-air sampling. - The fuel-air profile upstresm of the flame
holder was established at a point 18 inches downstream of the fuel injec-
tors. The profile was determhedby withdrawing samples through a .$_
movable probe and then analyzing the.mixture in an NACA Mixture Analyzer
of the type reported in reference 5. The sampling probe was directed ._
into the air stream and representative ssmples were obtainedby with-
drawing the mixture at approximately stresm velocity. The probe con-
sisted of a l/8-inch-diameter tube with an orifice ,onthe ssnpling end.
Fuel-air samples were taken through the center line of one of the fuel
spray nozzles.

PROCEDURE ““-

Operating conditions. - The ram-jet combustor was operated over the
following inlet conditions:

Inlet air static pressures, in. Hg abs . . . j . . . . . . . . 33 to 37
Inlet air temperature, OFO . . . . . . . . . . . . . . . . . . 600 ,...
Inlet air velocities, ft/sec . . . . . . . . . . . . . . . . .21O tO 240

These values correspond to the conibustor-inletconditions in a ram-
jet engine flying at a Mach numib.erof 2.9 at anapproxhate altitude of
67,000 feet, with a diffuser pressure reccrveryof 70 percent.

Stability limits. - Lean stability data were taken at three radial
positions of the fuel in$ector for each of the three”flame-holder con-
figurations tested. These fuel injection radii were 4.69, 5.69, and
6.69 inches. Engine bluw-out was obtained for each combination of fme
holder and injector by reductig ?uel flow Mtil no rise in air temP~ra-
ture was observed across the-engine. Cmbustion was mdntained in the
engine pilot throughout all of the blow-out tests and the engine air mass
flow was held constant.

The engine was operated over a fuel-air ratio range of lesnhluw-out
to a maximm of 0.052 with the fuel injector~ at the midposition and at
the outer wall. Because of a serious fuel leakage which accompanied
injection near the centerbody, the maximum fuel-air ratio attainable

.—

with the third fuel injector position was 0.037.
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Ccmibustionefficiency. - Combustion temperatures w=e determined by
a heat-balance system s~lar to the method outlined in reference 6. At
a given engtie operattig condition, the quench water flow was adjusted
to a value insurhg complete vaporization of the,water. The water mass
flow was varied so that an average outlet tqerature of 900° F was

,.

maintained at the,thermocouple station. The total enthalpy change of
the fuel, air, quench water, and engine cooling water was ditidedby the
input energy of the fuel to obtain ccmibustionefficiency. Thermodynamic ‘ .
properties of the air, fuel, and water were obtained ~cxn references 7
snd 8.

Fuel-air distribution. - Fuel-air ssmples were taken at a station
immetiatelv upstream of the flame holders. S=@es were t-en at an >..-
over-all fuel-air ratio of 0.035 for each flsme-holder configuration,
and for conditions of burning and nonlmrning b the ccmibustor. Samples
were not taken when the fuel control sleeve was in place. The fuel-air
survey was made from the outer wall of the ram-jet engine to the inner
wall formedby the centerbody. -

The combustor-inlet pressure fluctuations were conttiuously recorded
for all burning and nonburning conditions. Ressme trades were t*en .
with each flame holder and for each fuel-inJectcm position.

RESULTS AND DISCUSSIOTi

Combustion efficiency. - A comparison of the combustion-efficiency
data obtained tith the three flame holders, each with the fuel injector
at the same position, without the aid of the fuel control sleeve~ is
shown in figure 4. At a fuel-air ratio greater than 0.03, ccmimstion
efficiency was 90 to 100 percent. Flame-holder geometry had little
effect on the conibustionefficiency or lean blmi-out limits of the engine
despite flsme-holder blocked area variations from 37 to 54 Percent. me
uniformity in cdmstion efficiencies obtained with the three flame
holders was apparently due to the 600° F inlet air temperatures and
higher-than-atmosphericpressures at which the engine was operated. The
drop in air temperature between the fuel injectors and flame holders
indicated that fuel vaporization was substantially complete before reach-
ing the flame holders.

Lean fuel-air ratio limit. - Radial fuel injector position had a
small effect on the mxdmnnn combustion efficiency but had a pronounced
effect on lean blow-out limitsas seen in figure 5. The blow-out limits
for configuration C, for example, were extended from a fuel-air ratio of
0.0275 with fuel injection near the outer wall to O.OIJ_with fuel injec-
ted near the inner wall.

.
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In figure 5,”the “lastefficiency data points on the curves, plotted “.” ,<
just before blow-out, do not represent the lowest ?uel-air.ratios for. .

stable combustion. Since the shape of the cue is unknown in the region
between the “lowestfuel-air ratio data point and blow-out, this portion
of the curve is dashed:and merely serves to connect the lea-limit” of “’- ,.~
cotiustion with the known curve. The lack”of data points between bloy- . “l:;
out and lean operation is due to the fact that the fixed-area nozzle -.—
water spray, designed to quench coxdxzstionat high rates of heat release,
ttidnot quench effectively at,fuel-air ratios lower than 0.017. TM.s
was psxtialiy due to the poor spray penetration at low water flow rates. ;-

N
Fuel-air distribution. - The radial fuel-air distribution upstream

of the flame holder is plotted as a percentage of the maximum fuel-air
ratioin figure 6. Data for each configurationwere tsken”at an over-all
fuel-air ratio of 0.035 andwi.th the fuel ”fijectorat the midposition
between the outer and inner wall. For all confi~ations tested, the
maxhnum fuel-air ratio occurred at the ssme radial distance from the
pilot wall. Eowever, figure 6 shows some variation in the fuel-air pro-
files for the three flsme holders investigated. The mst si~fic~t.
differ&ces existed between the burning and nonburning conditions.

.-

.

.
h..-

—

Data from fi@ire 6 are replotted in figure 7 to a different scale. -“:
The abscissa in this figure is the square of the radial distance between ““-

.

the point of maximum fuel-air ratio and each ssmpltig point. It is
shown in reference 4 that for a point source of fuel injection into a
continuous air stream the rate.of spreading.”offuel is proportional to
the concentration gradient ‘ .—

(1)

where

v volume of gases diffusing past given boundary of’area A

t time

D Mffusion coefficient

A area perpendicular to direction of diffusion

f fiel-air ratio -,

R distance in direction of tiffusion
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The following assumptions were made in order to reduce equation (1)
practical and useful form: ,

(1) Steady flow in system -.

(2) Flat gas velocity profile
—

(3) Amount of rnixdnnin direction of flow X negligible in com-
parison with mixing inradial. direction R

(4) Diffusion

(5) Duct very

coefficient D ccmstant at all points in system

large in diameter —

Applying the prece&ing assumptions and a material balance to the
system, equation (1) becomes (reference 4)

~2

Wfu -=

f = 43rwaDxe
(2) “

where

‘f fuel-air ratio
tion point

Wf pounds of fuel

at radius R and dist~ce X downstream of injec-

injected per second, lb/see

u air-stream velocity, ft/sec

Wa pounds of air per second passing a unit area in duct, lb/(sec)(sqft) .

D diffusion coefficient, sq ft/sec .

x axial distance frcm fuel-injection point, ft

R radial distance from the maxhum fuel-air ratio point, ft

Two theoretical fuel-air ratio distribution curves describedby
eqmtion (2) are shown in figure 7. Both are plntted with values of
diffusim coefficient which were chosen to fit the theoretical curves to
the experimental data. These curves were graphically corrected for wall
effects by the method given in reference 4.

Figure 7 includes only the data obtained in the region between the
outer wall and the radius where peak fuel-air ratio was measured, The
fuel-air distribution data in the region between the pilot cone and the -.

.
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peak fuel-air ratio radius did not show a consistent trend. This was
probably due,to the interaction of adjacent fuel sprays which made the .—.
assumption of single-point injection invalid.

.-
However, since the rate. ...~ -.

of diffusion of fuel fraithe injection.point into the region ne& the
out~r shell where the mixture was too lean for combustion was of primary
interest, the lack of consistency in the inner zone distribution was not
investigated further.

The diffusion coefficient, for the case of burning in the engine,
was approximately 1.6 sqpare $eet per second, whereas the diffusion N

coefficient for the nonburning case was approximately 0.6 sqyare foot 2
N

per second. The diffusion coefficient is seen to be two to three timeg
as high for the burning condition as for the isothermal.

Pressure Pulsations. - !l?he.amplitudemid frequency of pressure pul-
sations at the cambustor inlet, with burning, for the various flame-
holder configurationsare shown in’figwe 8. The nonburning case wfth
configuration C only is shown in figure 8(a). EWZ@ frequencies c~.be
ccmpared with a 60 cycle p~ second ste.ndm$dincluded in figure 8(a).
For these tests, in which the pressure fluctuations were comparable, the
fuel-air distribution curves (fig. 6) show the mixing rate to be pro-
portional to the smplitude of the pressure pulsations. The amplitude of
the pressure pulsationswithout burning was &pproximately 0.1 pound per
square inch. With ccnnbustionthe smplitude increased considerably. The
maximum value was 0.3 pound per square inch’with configurationsA and B
and 0.2 pound per square inch with configuration C.

.,
-

.0 --

A possible factor ccmtributing to the greater spreading of fuel
with ccmibustionpresent Is the greater ratial penetration OZ the cQnical- ““,....+
fuel sprays under the influence of the pulsations induced by the cm- ““- :.
bustion. Whatever the mechanixm causing the fuel to spread, the effect
can be describedby the diffusim equation (2).

Mechanical control of fuel-air distribution. - It was apparent frun
data such as those in figure 7 that judicious selection of fuel-inJector
location was not sufficient to insure the fuel-air distribution required
for efficient operation at lean fuel-air ratios. Fuel-injector positicms
providing an optimum fuel-air pattern under one con~tion of burning
would prove unsatisfactory under new conditions because of the change &
amplitude md frequency of pressure pulsations. More.positive control of
mixing was necessary to insure the stoichic?netricfuel-air mixture
required at the pilot for efficient operation. A cylindrical sleeve,
therefore, was inserted into the fuel preparation zone which physically
~ted the spreading of.the fuel. The etiegsim of the e~~ne stabil!tY
Umits with-controlled mixing is shown in figure 9. Improved stability
limits for injection at the centerbody are shown in figure 9. The leen
fuel-air ratio limit for the engine was extended from 0.0n5 without the
control sleeve to 0.007 with the aid of the sleeve. Figure 9 also shows
the effect of controlled mixing on stability l~its for the itiectors at
the midposition. The blow-out limit again was extended, from fuel-alr
ratios ~f 0.0235 to 0.0185”.-

- ““-

-.

-,

--
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The crossing-over of efficiency curves at a fuel-air ratio of 0.029
. for the centerbody fuel injection and at 0.035 for the midposition fuel

injectors indicates a stoichicmetric conditional the pilot. To operate
far above these fuel-air ratios, it wouldbe necessary to introduce the
additional fuel into the outer regions of the flame holder.

STMMARY OF RESULTS

*

.

The foUmwing results were obtained frcsnan investigation of the
effect of ccaibustionon diffusion in the fuel preparation zone of a
16-inch ran-jet engine:

1. Under realistic ram-~et engine fl&@t conditions, where the com-
bustor inlet pressure was appro-tely atmospheric and the inlet-tem-
perature 600° F, variation in the flsme-holder geometry had little
effect on the cmubustion efficiency or the lean blow-out limits. At a
fuel-air ratio greater than 0.03, ccmibustionefficiency was 90 to
100 percent. ...

2. Variation in the fuel distribution had a significant effect on
the lesn limit and little effect on the maxinnm

.—
ccmibustionefficiency. -

3. The fuel-air distribution in the mixing zone upstresm of the
flame holder was found to be a function of the amplitude of the
ccsibustor-inletpressure pulsations. The largest eddy diffusion coeffi-
cient occurred at the maximum cauibustor-inletpressure fluctuations.
The diffusion coefficient varied from 0.6 square foot per second for
nonburning to 1.6 square feet per second with burning.

4. A simple mechanical method of limiting the fuel-air mixing was
employed to exbend the lean ccmibustionMmit of operation to a fuel-air
ratio of.O.007.

Lewis Flight Propulsion Laboratory
National Advisory Cmmdttee for Aeronautics

Cleveland, Ohio

.
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T!liBLEI- SPECIFICATIONS AND ANALYSIS OF PRIMARY ENGINE

FUEL MIL-F-5624 GRADE JF-3

A.S.T.M. distillation
D86-46 (%)
bitial boiling point
Percentage evaporated

5
10
20
30
40
50
60
70 ‘
80
90

Final boifig point
Residue (percent)
Loss (percent)

Aromatics (percent by
volme) A.S.T.M.
D875-46T

Specific gravity
Reid vapor pressure

(lb/sq in.)
H@rogen-carbon ratio
Net heat of cmibustion

(Btu/lb)

Specifications
MIL-F-5624

400 (min.)
600 (DEL)
1.5 (l?lsx.)
1.5 (max.)

25 (msx.)
0.728 to 0.802

!5t07
--------------

18,400 (tin.)

Analysis
MIL-F-5624

:NACA fuel sl-zi)

SL6

155
176
206
230
251
274
299
333
370
416
485
1.0
1.0

19
0.749

5.8
0.173

18,640

,.
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Figure3. - Flame-holderconfigurations.
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(b) Cotiiguratim B showing immersedsurfaces,dmnetr~ f~e.

Figure 3. - Centhued. Flame-holderccmfigurations.
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(b) Configuration B.

Figure 5. - Continued. Effect of fuel-injector radial position
on combustor performance.
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Configuration Cj no b~.

Configuration C; burning with fuel-air ratio
of 0.035.

(a) Configuration C shuwing influence
Of burning. .

Figure 8. - Conimstor inlet pressure pulsations.
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Configuration A; burning with fuel-air ratio
of 0.04.

Configuration A; burning with fuel-air ratio

Configuration B3 burning with fuel-air ratio
of 0.035. - ‘

(b) Configurations A snd B.
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